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The Coulomb interaction contribution to the conductance
is investigated in a phase-coherent disordered 2-dimensional
electron gas, which resistance can be varied by an overall gate
electrode. Its magnitude of δGEEI ≃ −0.3e
2/h is obtained
by applying a bias voltage to suppress the Coulomb anomaly.
In contrast to theoretical predictions, δGEEI is suppressed
by a parallel magnetic field. The zero-bias magnetoresistance
exhibits reproducible fluctuations in perpendicular magnetic
fields on a field scale much larger than that expected for uni-
versal conductance fluctuations, which might be attributed to
fluctuations in the Coulomb interaction contribution.
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Most of the transport properties of mesoscopic conduc-
tors can be understood in terms of noninteracting elec-
trons. Nevertheless, electron-electron interactions (EEI)
are a crucial ingredient to describe e.g. Luttinger liquids
[1], persistent currents in mesoscopic metallic rings [2],
or metal-insulator transition (in 2D systems) [3].
In the metallic regime, the conductance of a phase-
coherent disordered 1D conductor is reduced below its
classical Drude value due to EEI [4]. This Coulomb in-
teraction contribution corresponds to δGEEI ≃ −(gF −
gH)e
2/h where gH ≤ gF ≃ 1. The screening-dependent
Hartree constant gH is of order unity and reaches a min-
imum (maximum) for long-range (short-range) EEI. The
parallel-spin (exchange) Fock constant gF is universal
and independent of screening. Furthermore, gF and gH
can be subdivided into a diffuson and a cooperon contri-
bution due to two electrons travelling along a closed path
in the same or opposite direction respectively.
A perpendicular magnetic flux of about one flux quan-
tum h/e destroys the cooperon contribution, whereas the
diffuson contribution is predicted to be insensitive to a
perpendicular magnetic flux. In the presence of a par-
allel magnetic field, spin-up electrons are Zeeman split-
ted from the spin-down electrons, which does not affect
the (exchange) Fock and parallel-spin Hartree contribu-
tions. However, the anti-parallel spin Hartree contribu-
tion is expected to be reduced when the Zeeman energy
EZ = gµBB exceeds the Thouless energy ET = h¯D/L
2,
where L denotes the length of the conductor and D the
diffusion constant. Therefore, a parallel magnetic field is
predicted to enhance δGEEI [5], which results in a posi-
tive magnetoresistance. The above prediction also holds
in the presence of spin-orbit interaction [5,6].
Experimentally, the interaction contribution has been
observed in the conductance via its temperature-
dependence [7,8] or via a negative parabolic magnetore-
sistance in perpendicular fields [9]. In principle, δGEEI
could be masked by two other quantum interference con-
tributions arising from noninteracting electrons: univer-
sal conductance fluctuations (UCF) and weak localiza-
tion (WL) [10]. In the above mentioned experiments, a
magnetic flux of h/e was used to destroy WL and macro-
scopic conductors were used to suppress UCF by ensem-
ble averaging.
A positive magnetoresistance in parallel field was ob-
served in Si:P and Si MOSFETs [11]. However, the
magnitude of δGEEI was found to be much larger than
e2/h. Recently, it has been shown that a parallel mag-
netic field drives the anomalous conducting phase in Si
MOSFETs into the insulating state [3]. This asks for a
reinterpretation of the observations reported in Ref. [11].
The magnetoresistance of a macroscopic GaAs/AlGaAs
2-dimensional electron gas (2DEG) was studied by Lin et
al. [8] in parallel field. Although the interaction contribu-
tion was present, they observed a negative (temperature-
dependent) magnetoresistance in parallel field. This ap-
parent contradiction with the theoretical expectation led
these authors to disregard the Coulomb interaction effect
as an explanation.
The experimental status about the behavior of the in-
teraction contribution to the conductance, in particular
its dependence in parallel magnetic fields, is confusing.
Here, we report a study of the interaction contribution
in a phase-coherent disordered 2DEG in which we vary
the resistance over an order of magnitude with an over-
all gate. First, we identify the interaction contribution
by applying a bias voltage to suppress all phase-coherent
contributions. We unambiguously demonstrate that the
magnitude of the interaction contribution corresponds to
δGEEI ≃ −0.3e
2/h independent of resistivity. Secondly,
we explicitly study its magnitude in parallel magnetic
fields and find a negative magnetoresistance. Thirdly,
fluctuations in the phase-coherent contribution to the
zero-bias magnetoresistance in perpendicular field are ob-
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served on a field scale much larger than that expected for
UCF, which might be caused by fluctuations in the in-
teraction contribution.
FIG. 1. Scanning electron micrograph of the disordered
cross-shaped 2DEG before depositing the gate-electrode. The
darker regions represents insulating trenches in the 2DEG.
The 2DEG is present in an InAs/AlSb quantum well.
Prior to processing, the top barrier has been removed
by wet chemical etching. The 15nm thick exposed InAs
layer hosts the 2DEG with an electron density ns ≃ 1.5 ·
1016m−2 and an electron mean free path ℓe ≃ 0.2µm.
The cross-shaped pattern in the InAs-layer was defined
by insulating trenches using e-beam lithography and wet
chemical etching. Note that its length L ≃ 2.1µm and
width W ≃ 0.35µm are larger than ℓe, which implies
that transport is diffusive (at zero magnetic field). After
taking scanning electron micrographs (Fig. 1), a 65 nm
SiO2 layer (PECVD) and a 40 nm Ti/Au electrode are
deposited. The Ti/Au electrode covers the entire area
displayed in Fig. 1.
We have studied four nominally identical devices at
low temperatures. The differential resistance R14,23 is
measured by applying an ac (and dc) current between
terminals 1 and 4 and measure the ac voltage between
terminal 2 and 3 with a lock-in technique. The gate volt-
age is applied with reference to one of the terminals con-
nected to the 2DEG. The resulting gate-voltage depen-
dence of R14,23 is plotted in the insert of Fig. 2 a). The
side-contacts were used to monitor ns versus gate volt-
age, which showed that depletion occured at about -5.5V.
For negative gate-voltages only the first 2D-subband of
the 2DEG is populated. The Coulomb interaction range
remains in this experiment larger than the Fermi wave-
length (long-ranged), which results in an maximum mag-
nitude of δGEEI (small gH).
The differential resistance R14,23 at 140mK and 1T is
displayed in Fig. 2 a) versus dc bias voltage. The re-
sistance at zero bias is clearly enhanced compared to
at high bias. In these devices, the magnetoresistance
around B=0 did not reveal a clear signature of WL and
the cooperon interaction contribution on a scale of a
flux quantum h/e through the cross-shaped 2DEG, which
implies that both cooperon contributions are negligible.
Nevertheless, we applied a perpendicular magnetic field
of 1T, much larger than h/e to assure that both WL
and the cooperon interaction contribution are eliminated.
Consequently, the only remaining phase-coherent contri-
butions are UCF and the diffuson interaction contribu-
tion to the conductance.
0 5 10 15 20 25
R [kΩ]
 0.0
 0.1
 0.2
 0.3
 0.4
 0.5
|δG
| [e
2 /h
]
−4 −3 −2 −1 0 1 2 3 4
VDC [mV]
 4.0
 4.1
 4.2
 4.3
dV
/d
I [
kΩ
]
−6 −3 0 3
     Vgate [V]
0
10
20
R
 [k
Ω
]a)
b)
FIG. 2. Panel a) shows the differential resistance R14,23
versus applied dc bias voltage measured at Vgate=-1.5V,
T=140mK, and a perpendicular magnetic field of 1T. The
dashed line represents the (average) classical resistance de-
termined at ±3mV. The inset shows the resistance R14,23 at
zero bias versus gate voltage. The filled squares displayed in
panel b) represent the absolute magnitude of the reduction
in zero-bias conductance compared to the classical conduc-
tance versus zero-bias resistance. The open circles denotes
the rms magnitude of the (universal) magnetoconductance
fluctuations obtained over a magnetic field range between 0.5
to 4.5T.
When the bias voltage (or temperature) is increased
the interaction contribution should be suppressed. When
ℓT,V =
√
h¯D/max(kBT, eV ) is larger than W , it should
show a square root energy dependence δGEEI ∼ ℓT,V /W
(1D EEI). At higher bias voltages, (VDC ≃1mV) ℓT,V be-
comes smaller thanW and the interaction contribution is
expected to vanish logarithmically δGEEI ∼ ln(ℓT,V /ℓe)
(2D EEI), which would eventually only leave UCF around
the classical resistance. We observed, however, that UCF
was suppressed at high biases, which means that the ap-
plied bias voltage also destroys phase coherence. Note
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that UCF is responsible for the asymmetry in the resis-
tance around zero bias voltage. We define experimentally
the classical resistance as the average of the resistance at
a bias of about ±3mV. The phase-coherent resistance
contribution is thus equal to the difference between the
zero-bias and classical resistance. The resulting contri-
bution to the conductance is plotted in Fig. 2 b) as a
function of resistivity by changing the gate voltage. This
contribution still includes UCF, which can be eliminated
by ensemble averaging. Therefore, the average magni-
tude δGEEI ≃ −0.3e
2/h of the values plotted in Fig. 2
b) unambigously corresponds to the diffuson interaction
contribution to the conductance [12]. The observed devi-
ations from this average magnitude corresponds well to
the contribution due to the magnetoconductance fluctu-
ations (CF). The rms magnitude of these CF, plotted in
Fig. 2 b), is δGCF ≃ 0.13e
2/h independent of the resis-
tance.
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FIG. 3. Panel a) displays R14,23 versus dc bias voltage mea-
sured at fixed parallel magnetic fields: from top to bottom 0,
2.5, 4, 5.5, and 10T, with Vgate=-4.0V and T=1.7K. Panel b)
shows the zero bias magnetoresistance versus parallel mag-
netic field (solid line). The circles represent the classical re-
sistance determined at high-bias (+8mV) from R(V)-curves
displayed in panel a).
After having characterized the interaction contribution
in our phase-coherent conductor, we continue by investi-
gating its parallel magnetic field dependence (applied in
the direction of the current flow). The bias-voltage de-
pendence of the differential resistance R14,23 at 1.7K is
plotted in Fig.3 a) for increasing magnetic fields applied
to a 13◦ tilted device. This temperature of 1.7K implies
that ℓT ≃ 0.3µm< W (2D EEI), which could be respon-
sible for the slower bias voltage dependence of the inter-
action contribution compared to that shown in Fig. 2 a).
If the cooperon interaction contribution and WL would
have been present in our devices, they should have been
suppressed by the perpendicular component of the ap-
plied magnetic field above 0.2 T. Instead of showing the
theoretically predicted enhancement for increasing mag-
netic fields, this diffuson interaction contribution is sup-
pressed. In panel b), the zero-bias resistance is plotted
versus parallel magnetic field, which exhibits a negative
magnetoresistance. Comparison with the magnetic-field-
independent classical resistance reveals that the inter-
action contribution vanishes around a magnetic field of
7T. An estimation for the Zeeman energy at 7T is about
EZ ≃ 1.6meV (≫ kBT ≃ 0.15meV) using a g-factor of -4
[13]. This corresponds to an applied bias voltage where
the interaction contribution is substantially suppressed.
The data of Fig. 3 shows that the diffuson interaction
contribution is destroyed by the Zeeman energy, which is
in apparent conflict with theoretical predictions. In ret-
rospect, we suggest that the negative magnetoresistance
in parallel fields observed by Lin et al. [8] is also caused
by a suppression of δGEEI ≃ −0.8e
2/h due to Zeeman
splitting.
Apart from the predicted increase at zero bias of the
magnitude of the interaction contribution, a reduction in
the interaction contribution has been predicted when the
applied bias voltage becomes equal to the Zeeman energy
[4]. For these bias voltages, the anti-parallel spin Hartree
contribution is (partially) restored and, consequently, the
magnitude of δGEEI is reduced. This prediction was
actually the original motivation to study the bias-voltage
dependence in parallel magnetic fields. However, these
Zeeman Coulomb interaction contributions around bias
voltages eVDC = ±EZ are not present in our devices as
can be verified in Fig. 3 a).
The striking parallel magnetic field dependence of
the interaction contribution motivated us to thoroughly
study its sensitivity to a perpendicular magnetic field.
The onset of Shubnikov-de Haas oscillations in high mag-
netic fields limits us to magnetic fields below about 4 T.
The reproducible magnetoresistance traces measured at
180mK with a bias voltage of 0 and 3mV are plotted in
Fig. 4. We checked that at a bias of 3mV the interac-
tion contribution was almost completely suppressed (see
Fig. 2 a)). We believe that the (relatively small) con-
ductance fluctuations with a magnetic field sensitivity of
about Bc ≃0.03 T (≃ 10h/e through total cross-shaped
2DEG) are related to UCF, which can be suppressed by
averaging over 0.2T. The solid line represents the mag-
netoresistance measured at zero bias without averaging.
The difference between the two dashed lines should di-
rectly reflect the interaction contribution. Its magnitude
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averaged between 0 and 2.5 T is δGEEI ≃ −0.3e
2/h in-
dependent of the resistivity, which is similar to the value
found in Fig. 1 b).
The gradual reduction of the interaction contribution
by a perpendicular magnetic field is related to the ob-
served suppression by the Zeeman energy. In addition,
relatively pronounced fluctuations are observed with a
large magnetic field scale of about 1 T, which are ab-
sent in the classical high-bias resistance. This behavior
is observed for all applied gate voltages. Note that the
rms magnitude of the conductance fluctuations plotted
in Fig. 1 b) is mainly determined by these pronounced
fluctuations. At first instance, one would attribute these
fluctuations to UCF, which rms magnitude and magnetic
field sensitivity are expected to be unaffected by EEI [14].
However, these pronounced fluctuations occur at a mag-
netic field scale where the cyclotron radius ℓc becomes
comparable to the elastic mean free path ℓe. Although
the typical field scale of UCF can be enhanced by a fac-
tor of about
√
1 + (ℓe/ℓc)2 [15], the observed field scale
of about 1 T is much larger and cannot be reconciled with
the present UCF theory. As an alternative explanation
we suggest that this might be due to fluctuations in the
interaction contribution.
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FIG. 4. The magnetoresistance R14,23 in perpendicular
magnetic field at Vgate=-4.7V and T=180mK. The solid line
1) displays the zero-bias resistance which exhibits conduc-
tance fluctuations. The dashed lines 1) and 2) display the
resistance averaged over ∆B=0.2T for a bias voltage of 0
and 3mV respectively, which difference should indicate the
Coulomb interaction contribution.
In conclusion, we have studied the Coulomb interac-
tion contribution to the conductance of a cross-shaped
phase-coherent disordered 2DEG. The interaction contri-
bution was found to be suppressed by a parallel magnetic
field, which results in a negative, instead of the predicted
positive, magnetoresistance. In perpendicular magnetic
fields, reproducible fluctuations in the magnetoresistance
were observed, which seems to be inconsistent with UCF
and might be related to fluctuations in the interaction
contribution.
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